Background: This work demonstrates successful propagation of HCV in HepG2 and human blood cells as well as viral shedding into their culture media. The influence of Schistosoma mansoni crude soluble egg antigens (SEA) on the rate of viral propagation in both mammalian cells was also monitored. Methodology: HepG2 cells were inoculated with HCV viremic human sera and some wells were exposed to HCV infection in presence of SEA. Cells were harvested for RT-PCR and Western blotting analysis. HepG2 media was collected for HCV ELISA. Blood samples from HCV-infected humans were cultured in the presence and absence of SEA. Media were collected at different time points post culturing and subjected to HCV ELISA. Results: The ELISA concentration of HCV antigens were generally higher in media of infected HepG2 cells compared to media of control cells at all time intervals post infection. Western blots showed reactivity to immunogenic peptides of different molecular weights in lysate of infected HepG2 cells that were not evidenced in uninfected cells. In presence of SEA, RT-PCR results revealed earlier detection of viral RNA in infected HepG2 cells compared to in absence of such bilharzial antigen. Also, ELISA results revealed higher levels of detected HCV antigens in media of both infected HepG2 and blood cells cocultured with S. mansoni SEA compared to that of cultured infected cells in absence of the parasite antigens. Conclusion: HepG2 cells as well as whole blood cultures maintain HCV replication. Furthermore, SEA has the potential to enhance HCV propagation.
Introduction
Schistosomiasis is a chronic parasitic disease in tropical and subtropical regions and is associated with a variety of clinical syndromes that may lead to severe morbidity. Due to control programs over the last decade, a decline in the prevalence of human schistosomiasis in Egypt has been reported [1] ; however, the disease is still endemic in many foci [2] . The colonic form of the disease [3] exists because of the presence of the parasite Schistosoma Mansoni (S. mansoni) and its intermediate snail host Biomphalaria alexandrina [4] . In S. mansoni-infected humans or animals, morbidity results from granuloma formation due to cell-mediated immune responses against deposited parasite ova (source of SEA) in the hepatic portal tracts that may progress to irreversible fibrosis and consequently severe portal hypertension [5] .
Egypt has the highest HCV countrywide prevalence ranging from 6% to more than 40% among regions and demographic groups [6] [7] with frequently reported coinfection with schistosomiasis [8] [9] . Transmission of HCV among schistosomiasisinfected humans could have happened through multiple injections of humans with poorly sterilized syringes during the early anti-schistosomiasis mass treatment campaign [10] [11] . Coinfected patients are characterized by higher HCV RNA titers, histological activity, incidence of cirrhosis and hepatocellular carcinoma as well as higher mortality rates than patients with single infections [12] [13] .
The mouse model is susceptible to S. mansoni infection [14] but not to HCV; thus it is not adequate to study schistosomiasis/HCV coinfection in real time. Although the chimpanzee is proven to be susceptible to HCV infection [15] and can be used in studying coinfection, difficulties in maintaining representative numbers of animals to conduct all possible coinfection experiments make it an inappropriate model for such purposes. These challenges reflect the urgent need to develop a practical in vitro system that enables investigating the impact of coinfection on the progress of liver disorders.
The first attempts to establish in vitro HCV replication systems were conducted by infecting primary hepatocyte cultures [16] [17] [18] . Due to restricted availability of primary hepatocytes, the immortalized human hepatoma cell line HepG2 was later successfully used to host HCV replication in vitro [19] [20] [21] . In addition, several reports demonstrated replication and assembly of HCV-genotype 4 in peripheral blood mononuclear cells (PBMCs) from Egyptian infected patients [22] [23] . Herein we confirmed successful HCV propagation in both human hepatoblastoma and blood cells. We also monitored the influence of S. mansoni-SEA on the viral propagation rate.
Materials and methods

Human sera
Sera were collected from HCV-infected patients who were examined at the medical unit at the National Research Center. The diagnosis of these patients was based on biochemical testing of liver enzymes and serological testing for the presence of anti-HCV antibodies using a recombinant HCV antigen-based test (Axium HCV rapid test, Florida, USA). HCV Infection of the positive individuals in the above-mentioned tests was further confirmed by RT-PCR. Sera from humans with no history of liver complications or disorders that were negative in all the above-mentioned tests were included as negative controls.
Cell line
The Caucasian male Homo sapiens hepatoblastoma cell line (HepG2) used as host cells for HCV replication was a kind gift from Prof. Ralf Bartenschlager, Director of the Institute of Molecular Virology, University of Heidelberg, Germany.
Detection of HCV-RNA in patients' sera by RT-PCR
RNA was extracted from human sera using the QIAmp viral RNA extraction kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. RNA was eluted into 2 ml nuclease-free Eppendorf tubes, divided into 10 µl aliquots and stored at -80°C. The extracted RNA was subjected for RT-PCR using a one-step RT-PCR kit (QIAGEN) that enables first strand cDNA synthesis and PCR amplification in one reaction mix. Forward (F; 5' GCA GAA AGC GTC TAG CCA TGG CGT 3') and reverse (R; 5' CTC GCA AGC ACC CTA TCA GGC AGT 3') primers (Operon Biotechnologies, Germany) were designed to specifically anneal to conserved regions within the HCV-5'UTR [24] and enable amplification of the 243 bp viral fragment.
The RT-PCR reaction mixture was performed in a final volume of 50 µl in a 0.2 ml nuclease-free Eppendorf tube containing 10 µl RNA template, 10 µl of 5X one-step RT-PCR buffer, 100 pmol of both F & R primers, 2 µl of dNTP's mixture, 2 µl RT-PCR enzyme mix and the volume was completed to 50 µl by nuclease-free water. The PCR tubes were inserted into the heating block of a DNA thermal cycler (Biometra, Goettingen, Germany) and the heating lid was enabled. The RT-PCR was started with first strand, cDNA, synthesis at 50°C for 30 minutes followed by hot start polymerase activation at 95oC for 15 minutes. The PCR amplification program included 36 cycles each consisting of 3 stages for template denaturation at 94°C for 30 seconds, primers annealing at 58°C for 30 seconds, and nucleotides addition (extension) at 72°C for 1 minute. The last cycle was linked to a final extension step at 72°C for 10 minutes followed by cooling at 4°C until the tubes were removed from the machine.
The PCR products were mixed with a 6X gel loading dye (SibEnzyme, Russia) to reach a final concentration of 1X before being loaded on to 1.5% agarose gel containing ethidium bromide (EB). An appropriately diluted stepladder (SibEnzyme) was also loaded on the same gel. The lid of the gel tank (Greiner bio-one, Germany) was closed; cables were connected to the power supply (Bio-Rad) and a voltage of 1-5 V/cm was applied for 30 to 45 minutes. The PCR products resolved by EB stain were visualized in comparison to the DNA marker on a UV transilluminator of a gel documentation system (Biometra, Goettingen, Germany).
Culturing HepG2 cells
Aliqouts of HepG2 cells were taken out of the liquid nitrogen tank and allowed to thaw on ice. Cells were maintained in 75 cm 2 culture flasks (Greiner) containing RPMI medium (Biowhittaker, Combrex, Belgium) supplemented with 0.45% glucose, 1% Lglutamine, 10% fetal bovine serum (FBS; Biowest, France) and 1% antibiotic-antimycotic mixture (GIBCO-BRL, New York, USA) at 37ºC with 5% CO 2 . The medium was renewed every three days. To avoid overgrowth, cells were subcultured every three to five days. Briefly, the medium was discarded and an overlayer of trypsin-EDTA (Biowest) was added to the adherent cell layer to remove any leftover traces of trypsin inhibitors. After discarding the medium, the cell sheet was overlaid with 2 ml fresh trypsin-EDTA for 0.5 to 2 minutes at 37ºC and cell detachment was carefully observed under an inverted microscope. To avoid a harmful proteolytic effect of trypsin on the detached cells, complete medium containing excess FBS was added. Cells were spun down at 500 g for 2 minutes and resuspended in 1 ml of complete medium; their exact count and viability were microscopically checked by mixing equal volumes of the cells and trypan blue followed by loading a drop on a hemocytometer (Sigma, Deisenhofen, Germany). A total of 6 x 10 5 of the resuspended cells were used to prepare fresh cultures in flasks or 12-well plates (Greiner) and incubated at 37 o C under 5% CO 2 to be used later in infection experiments.
Infection of HepG2 cells with HCV
Infection of HepG2 cells was performed according to protocols described previously with some modifications [19, 25] . In 12-well plates, cells were grown for 24 hours to semi-confluence in complete medium, washed three times with FBS-free medium then inoculated with sterile filtered HCVinfected serum through a 0.22 µm syringe filter to a final concentration of 10%. To study any possible influence for bilharzial antigens on HCV replication, some wells were exposed to HCV infection in the prsence of SEA (10 µg/ml; Theodore Bilharz Reasearch institute, Giza, Egypt). Plates were maintined in complete media for two weeks with daily microscopic observation. Cell harvesting was done by removing the media and scraping the cell monolayer either in 1 ml of the RNA extraction reagent (BIOZOL; BioFlux, Japan) for RT-PCR or 200 μl PBS for Western blotting analysis. Infection success and virus exocytosis in the collected media were checked by ELISA, Western blotting, and RT-PCR.
Peripheral whole blood culturing
Human whole blood culturing was conducted according to Itoh et al. [26] and Mutapi et al. [27] with some modifications. Briefly, freshly withdrawn venous blood samples from HCV-infected or healthy humans on EDTA were immediately diluted 1:4 in complete medium and distributed 1 ml/well in 12-well plates. To study any possible influence for bilharzial antigens on HCV replication, S. mansoni SEA was added (10 µg/well) to some of the infected blood containing wells. To monitor the capacity of cultured blood to support HCV replication, media were collected at days 1, 2, 3 and 6 post culturing and subjected to ELISA detection of viral antigens.
Quantitative detection of viral antigens in media of infected cells by ELISA
The assay was performed according to Bahgat et al. [28] with minor modifications. Briefly, 96-well polyvinyl microtiter ELISA plates (ALTO, Italy) were coated (100 µl/well) with the diluted media of infected HepG2 or blood cells either in absence or presence of SEA at different time intervals post infection in coating buffer (4.53 ml 1M sodium bicarbonate, 1.82 ml 1M sodium carbonate, 93.65 ml ddH2O, pH 9.6). Wells coated by media of uninfected cells were included in the same plate as means of negative controls. Plates were incubated at 37o C for 3 hours then washed 3 times with PBS-0.05%Tween20. Uncoated spaces on plate wells were blocked against non specific binding by being incubated with PBS-0.05% Tween-5%FBS (PBST-FBS; 200 µl/well) at 37°C for 2 hours. After 3 washes, wells were incubated with 100 µl of the first antibody which was either anti-HCV antibody positive human sera or mouse anti-sera raised against a DNA mammalian expression construct encoding HCV-NS3 protease [29] or mouse anti-HCV core monoclonal antibody (Virogen, Watertown, MA, USA) at 37°C for 2 hours. Both human sera or mice anti-NS3 antibodies were used at a dilution of 1:100 while the mouse anti-core-antibody was used at 1:2000 in PBST-FBS. Plates were washed 3 times and wells were loaded with anti-host-IgG peroxidase (Bio-Rad Laboratories, Munich, Germany; 1:10000, 100 µl/well) at 37°C for 2 hours followed by 3 washes. For visualization of the immune reaction, a volume of 100 μl/well of O-phenylenediamine substrate diluted in H 2 O 2 containing substrate buffer (49.6 ml 0.1M citric acid anhydrous, 50 ml 0.2M dibasic sodium phosphate, pH 5.00) was applied and plates were left for 10 minutes at room temperature until color development. Stopping solution (2M H2SO4, 50 µl/well) was used to terminate the enzymatic reaction and the changes in optical densities (OD) were recorded at λmax 492 nm using a multi-well plate reader (Tecan, Sunrise, Austria).
Detection of viral antigens in lysates of infected HepG2 cells by Western blotting
Following SDS-PAGE [30] , proteins were electrophoretically transferred [31] from the gel to a nitrocellulose sheet (Schleicher & Schull, Dassel, FRG) at 250 mA overnight at 4°C in transfer buffer. On the next day, membranes were cut into individual strips of 0.3 mm width each. Strips were washed 3 times with PBS-0.3%Tween20 for 5 minutes and blocked against non specific binding by being soaked in PBS-0.3%Tween20 containing 1% bovine serum albumin for one hour at room temperature while shaking. Strips were washed 3 times as mentioned above and incubated with anti-HCV-antibody positive human sera (1:100 in PBS-0.3%Tween20) for 2 hours at room temperature while shaking. After 3 washes, strips were incubated for 2 hours at room temperature with diluted peroxidase labeled sec. antibodies (Bio-Rad; 1:1000 in PBS-0.3%Tween 20). Visualization of immune complexes on the nitrocellulose membrane was done by incubating the strips with the peroxidase specific precipitating substrate (3,3`diaminobenzedine tetrahydrochloride (50 mg, Sigma) in PBS (100 ml; 0.01M, pH 7.4) containing 10 µl of 30% H2O2; Sigma).
RNA extraction from infected HepG2 cells and HCV detection by RT-PCR
RNA was extracted from HCV-infected control HepG2 cells as well as their media for 6 successive days starting from day 1 post infection using the BIOZOL reagent according to the manufacturer's instructions. Briefly, the monolayer of the cells was scraped in a 1 ml BIOZOL reagent/well then collected in a 2 ml nuclease-free Eppendorf tube, vortex shaken for 15 seconds, and chilled on ice. After 15 minutes, 200 µl of chloroform were added to each tube, the mixture was vortex shaken for 15 seconds, and then incubated for 15 minutes at room temperature. Tubes were centrifuged at 13,000 g for 15 minutes at room temperature; the upper phases were carefully transferred to fresh 2 ml nuclease-free Eppendorf tubes containing equal volumes of cold isopropanol followed by gentle mixing by 5 inversions and overnight incubation at -20°C. On the next day, the tubes were centrifuged at 13,000 g for 15 minutes at 4° C, supernatants were discarded and RNA pellets were washed with 80% ethanol in nuclease-free water. After centrifugation at 13,000 g for 5 minutes, ethanol was discarded and RNA pellets were air dried from any remaining alcohol droplets before being resuspended in 60 µl nuclease-free water and then divided into 10 µl aliquots and stored at -80°C. The extracted RNA was then subjected to RT-PCR detection of HCV using a one-step RT-PCR kit as mentioned previously. Electrophoresis and visualization of the PCR products was performed as mentioned above.
Results
Confirming viral infection of human sera by RT-PCR
The RNA extracted from the sera of infected humans who were all anti-HCV antibody positive was exposed to RT-PCR detection of HCV. The RT-PCR revealed 243 bp amplification products while RNA from anti-HCV antibody negative sera was PCR negative reflecting the specificity of the primers for detecting infection (data not shown). The RT-PCR positive samples with the highest band intensities were used in infecting the HepG2 cells.
Evidences for HCV propagation in infected HepG2 cells
Using anti-HCV-antibody positive sera, the recorded OD corresponding to the concentration of HCV antigens was generally higher in media of infected HepG2 cells compared to media of control cells at all time intervals post infection ( Figure 1A) . Also, in the period between the first and sixth days post infection there was a gradual increase in the detected HCV antigens.
In Western blots ( Figure 1B) , anti-HCVantibodies positive human sera reacted to immunogenic peptides at 105, 76, 43, 34, 30, 27 and 22 kDa in lysate of infected HepG2 cells at weeks 1 and 2 post infection (strips 2 and 3). The reaction was not evidenced in the lysate of uninfected cells (strip 1).
Starting from 4 days post infection, the extracted RNA from HepG2 cells gave a 243 bp amplification product by RT-PCR that was not evidenced in RNA from previous time points or in uninfected cells ( Figure 1C) .
Influence of S. mansoni SEA existence on HCV propagation in HepG2 cells
Using the anti-HCV-core monoclonal antibody in ELISA, the recorded core titers at all time points post infection were generally higher in media of infected cells than those in control cells (Figure 2) . Addition of S. mansoni SEA to the growth medium of infected HepG2 caused increases in the quantified core titers in the media at different time points post infection when compared to media of infected cells in absence of such parasite antigens (Figure 2) .
Influence of S. mansoni SEA existence on HCV propagation in cultured human blood cells
Using mouse anti-HCV-protease antibodies in ELISA detected higher NS3 titers in media of human blood infected cells compared to that of control cells (Figure 3) . The quantified NS3 titers were higher in media of cultured blood cells in presence of SEA than in its absence, supporting the above-mentioned enhancing effect of SEA on HCV propagation observed in HepG2.
Discussion
The molecular weight of the amplified viral fragment (243 bp) by RT-PCR agreed with the annealing position of the used primers [24] and the absence of amplification products from control human sera reflects the specificity of the used primers in diagnosing HCV infection.
Using anti-HCV-antibody positive sera, the recorded OD corresponding to the concentration of HCV antigens was generally higher in media of infected cells compared to media of control cells at all time intervals post infection and there was a gradual increase in the detected HCV antigens during the six days post infection confirming virus shedding from the infected cells. The susceptibility of HepG2 cells to HCV infection and its support for viral replication agree with previous reports [19, 21, 25] . The sensitivity of human anti-HCV-antibody positive sera to detect HCV antigens in infected HepG2 agrees with the observations of El-Awady et al. [21] .
Since the HCV-E1 and E2 proteins are known to form non-covalently linked hetero dimmers [32] , the 105 kDa peptide recorded by Western blot in the lysate of infected cells at week 1 and 2 post infection might be a dimmer between E1 (31-35 KDa) and E2 (70 KDa). The 76 kDa peptide might be corresponding to the viral E2 [33] . The 43 kDa peptide could be formed due to incomplete processing of the precursor polyprotein [34] . The 34 and 30 kDa peptides might be the HCV-E1 [35] . The Using mouse anti-HCV-protease antibodies in ELISA detected higher NS3 titers in media of infected cells compared to that of control cells. The quantified NS3 titers were higher in media of cultured blood cells in presence of SEA than in its absence, confirming the enhancing effect of such bilharzial antigens on HCV replication. 27 kDa band might represent the NS4B [36] . The 22 kDa peptide might be the HCV core [37] .
RT-PCR of HCV RNA in HepG2 cells starting from day 4 post infection, agrees with previously reported detection of the virus RNA in the same cell line although using different primers and protocols [19, 21, 25] .
The evident increase in the quantified core titers in the media of infected HepG2 cells upon addition of S. mansoni SEA reflects the potential of such parasite antigens to enhance viral propagation in vitro. Also, the high specificity of the used commercial monoclonal anti-core antibodies confirms successful in vitro infection of HepG2 cells using viremic sera, viral propagation, and shedding into the culture media. The capacity of monospecific antibodies produced against the synthetic core peptide to detect the HCV-core in infected HepG2 cells as well as precipitated immune complexes from HCV infected human sera was previously reported [21] .
Also, RT-PCR results revealed earlier detection of HCV-RNA in infected cells in the presence of SEA compared to infected cells in the absence of such crude parasite antigens, yet no obvious differences were recorded in the intensities of the amplified products. The early detection of the virus genome in RNA extracted from infected cells in the presence of SEA may be interpreted in light of a previous report describing the proliferative effect of such antigens [38] that might give more space for enhancing viral replication.
Using mouse anti-HCV-protease antibodies in ELISA detected higher NS3 titers in media of human blood infected cells compared to that of control cells. This result reflects the diagnostic value of such antibodies to detect active viral infection and agrees with previous reports on susceptibility of cells from lymphatic origin to HCV infection and their support of virus replication [22] [23] [39] [40] [41] [42] [43] .
The quantified NS3 titers were higher in media of cultured blood cells in the presence of SEA than in its absence, supporting the above-mentioned enhancing effect of SEA on HCV propagation observed in HepG2. Also, our results agree with previous data obtained by El-Awady et al. [22] upon culturing PBMCs from chronic HCV patients in the presence of homologous antigens from the parasite S. haematobium, although they used different primers and antibodies for detection.
The enhancing effects of SEA from S. mansoni (the colonic form where eggs are deposited in liver) recorded in the present work, or from S. haematobium (the urinary form where eggs are deposited in bladder (El-Awady et al. [22] ), on HCV propagation draw the attention to the influence of schistosomiasis infection on the progress of the hepatitis infection and consequently the progress of liver damage irrespective to the parasite species.
Both findings open very important research questions whether individuals having HCV coinfection with S. mansoni or S. haematobium or mixed infections of both parasite species might have different extents of progress in liver damage.
Clinical studies demonstrated that antibodies against NS3 appear early in the course of HCV infection [44] before or concomitantly with seroconversion to anti-core antibodies as the expression of NS3 is required for active viral replication. This explains the reason for including recombinant NS3 in the first [45] [46] , second [47] and third generation ELISA [48] for detecting anti-HCV-antibodies.
The enhancing effect of SEA for virus propagation in both HepG2 and human blood cells agrees with the frequently reported HCV/S. mansoni coinfection that was early thought to be due to low hygienic standards and the multiple use of needles during the early schistosomiasis control programs [10] [11] 49] that are no longer in existence. One might think that either infection might increase host predisposition to the other through suppressing necessary immune mechanisms induction, a process known as immune evasion.
In this regard, previous reports suggested that immune responses in chronic S. mansoni infections favor Th2 responses that are mounted at the expense of the Th1 responses required for clearing HCV. As a result of this skew in Th responses, susceptibility to the virus infection is enhanced [8] [9] 50] .
Although the in vitro cell culture system revealed evidence for HCV replication and HCV/S. mansoni antigen interaction, a susceptible animal model for both infections is still urgently needed. In this context, hope is growing in the availability of the humanized mice model that would be the best model not only to address all the immunological and pathological consequences of the coinfection but also anti-HCV drug discovery.
